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ABSTRACT

The Javelin 8.45 rocket VLF experiment flown from Wallops
Island at 07:38 UT, 21 Séptember 1967, to an altitude of 763 km is
: describéd and the experiment results are disaussed. This experiment
carried threg~eiectric dipole and three magnetic loop antennaé? five
wideband receivérs (30 Hz to 10 KHz), one step frequéncy receiver
(7 XKiz to 70 KHz), an instrument to‘measure the phase and magnitude
of the electric antenna impedance (20 KHz to 20 Hz) and a VLF trans-
mitter in the nose cone. A noise band between about 7.5 KHz and
30 KHz was observed with both the electric and magnetic receivers.
- The field geometry of this noise suggests that the noise is propa-
gating perpendicular to the gedmagnetic field and that the lower
cutoff frequency mey be the lower hybrid resonance frequency. In-
tense noise bursts below 1 KHz were observed on the electric antennas
bélbw 500 km altitude during both the upgoing and downgoing portions
of the flight, but not on the loop antennas. The precession and
spin modulation of this noise is not consistent with an interpretation
of these noise bursts as being due to‘long wavelength electrostatic
waves in the surrounding plasma. Some evidence suggests that this
electric antenna noise may be generated by the motion of the payload.

The magnitude of the electric antenna impedance varied from a minimum



of about 150 Kohms at 350 km altitude to about 600 Kohms at apogee.
A large phase perturbaﬁion, usually inductive,’was observed at
altitudes below about 500 km whenever the antenna was aligned nearly
parallel to the geomagnetic field. The electric field signal frém
the nosecone transmitter was attenuated much more‘rapidly than the

magnetic field.



I. INTRODUCTION

This paper describes a very-low-frequency (VLF) electric
and magnetic fields experiment flown on the Javelin 8.45 UI sounding
rocket from Wallops Island, Virginia, and summarizes the amplitudes
and frequency spectra of the electric and magnetic fields observed
during the flight. |

The scientific objectives of this experiment were to de-
termine the amplitude and frequency spectra of naturally occurring
electric and magnetic fields in the fréquency range from 30 Hz to
10 KHz using three magnetic loop antennas and a variety of electric
dipole antennas and to investigate the performance of the electric
dipole antennas by COmparihg the natural signals from the different
electric antennas and by measuring the mutual impedance of one pair of
dipoles and the mutual coupling to the other antenna elements. vBe;
cause much of the same instrumentation is to be flown on the Injun 5
satellite [Gurnett, Shawhan and Pfeiffer, 1966], this expériment had
the technical 6bjectiv¢ af evaluating the mechanical and electrical
systems in the flight environment.

In the next two sections the péyload instrumentation end

performance are discussed. A swmary of all the experimental results



is given in Section IV, and a detailed analyses of two principal types

of noise observed during the flight are given in Sections V and VI.



II. INSTRUMENTATION

’ The payload instrumentation consists of six antennas and
seven receivers for the detection of VIF electric and magnetic fields,
an impedance measurement for debermining the dipole antenna impedance,
& nosecone VLF trénsmitter and the battery power, telemetry, and
pyrotechnic support systems.

A block diagram of the VLF experiment instrumentation is
shown in Figure 1 and a photograph of the payload is shown in Figure
2. The Ex and Ey electric antennas, parallel to the x- and y-axis
respectively, are of the typé described by Storey [1963]. These
electric dipole antennas consist of two spherical aluminum antenna
elements 15.3 cm in diameter with a center-to-center separation of
3.16 meters. The booms supporting these antenna elements are in-
sulated from the payload and the spheres and are coated with a non-
conducting paint to insulate the booms from the surrounding plasma.
Spring-loaded joints allow folding the booms for storage in the
nosecone during launch and provide energy for erection. Two different
types of spherical electric antenﬁa elements were used to compare their

performance in a plasmaj;solid conducting spheres in the Ey system and



60 percent transparent, non-conducting spheres on the Ex system.
Also, the Ey antenna elements were biased with 1 pamp (20 volts
acrosé 20 megohms) of current in order to reduce the plasma sheath
around the antenna. The electrons collected from the plasma by this
bias were returned to the plasma by the collimated hot filament labeled
"Gun" in Figure 1. wa A turned the biasing system "on" for 32 seconds
and "off" for 32 seconds during the flight. |
Inside of each sphere is a unity gain amp}ifier which acts

as an impedance transformer for driving the booms to cancel the
sphere-boom capacity and for driving the input coaxial cable to the
differential amplifier. The input impedance of the unity geain
amplifiers can be represented by a 20 megohm resistor in parallel‘
with a 10 pf capacitor. As shown in Figure 1, the unity gain outputs
from the dipole antennas drive a differential amplifier located within
the payload. The output of the differential amplifier for the Ey
antenna is fed into two circuité: the antenna impedance measﬁrement
and the wideband VLF receiver.

| In order to interpret the AC electric field strengths for
VLF waves from the observed voltage on the electric antenna and to
obServe large changes in antenna impedance gt naturel resonance

frequencies, the impedance of the Ey antenna is measured. A constant



amplitude AC current source (I = 0.05 yamps r.m.s.) with a frequency
that decreases exponentially from 20 KHz to 20 Hz is used to differ~
\ehtially drive the Ey antenna elements. The ratio of the voltage
amplitude V from the differential amplifier to the current I gives

the magnitude of the antenna impedance, jZ | = V/I, and a comparison
of the voltagé and current waveforms gives the phase ¢ of the imped-
ance. Every eight seconds the impedance measuremént is nade with o
the frequency sweep taking 1.5 seconds (0.5 seconds/deéade). The
magnitude measurement has a dynamic range of 100 kilohms to 10 megohms
and the phase measurements has a dynamic range of‘i 90°.

The By differential amplifier also feeds the Electric Y
wideband receiver as shown in Figure 1. The wideband receiver consists
of two bandpass filters each followed by a compressor amplifier. These
bandpass filters provide a low frequency band of 30’Hz to 650 Hz and
a high frequency band of 650 Hz to 10 KHz which are indepéndent of
each other. ThevcompreSSOr amplifiers preserve frequency information
over the channel bandwidth and have a 40 db dynamic range to provide
the wideband analog signal. Also a DC amplitude voltage proportional
to the total r.m.s. amplitude in the band over an 80 db dynamic range
is prov%ded. The sensitivity of each band is approximately 20 , volts
r.m.s. potential difference between the spheres. All five wideband

receivers have this same bandpass filter-compressor amplifier system



with analog and amplitude outputs for each band as indicated by
"Lo", for the 30 Hz to 650 Hz band, and "Hi", for the 650 Hz to
10 Kiz band, in Figure 1. | | |

Except for the orientation and sphere type, the Ei antenna
system and differential emplifier are the same as the Ey system. This
Ex system is not, however, biased. The differential amplifier feeds
the Eiectric X wideband receiver (identical to the Electric Y receiver)
and an eight channel step frequency receiver. The center frequencies
of the eight step frequency receiver channels are 7.35, 10.5, 1k.5,
22.0, 30.0, 40.0, 52.5, and 70.0 KHz with bandwidths of i 71 percent.

Switch B in Figure 1 connects each filter gequentially to
a circuit which produces & voltage proportional to the logarithm of
the noise power in that channel. All channels are sampled every
0.31 seconds. This step recelver has a hoise level of 10"13 voltseﬂz-l
and a dynamic range of 60 db.

A third electric dipole antenna and preamplifier system
was provided by F. L. Scarf of TRW Systems for comparison with the
Ey and Ex electric receivers. It is labeled "TRW" in Figure 1. This
dipole antenna consists of two spherical wire cages 6.02 cm in diameter
with a center to center spacing of 48.2 ecm. The TRW dipole is located
at the top of the payload in a plane parallel to Ey and Ex and at y5°
to Ey and Ex. The TRW antenna, preamplifier system is similar to the

A
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electric antenna flown by Scarf [1967] on the OV3-3 satellite. The
TRW preampiifier was sub-commutated with the Magnetic 7 preamplifier
by Switch c (Figurévl) being "on" for 8 seconds and "off" for 8
seconds. The TRW preamplifier sensitivity was 30 ,, volts in the Lo-
band and 7 , volts in the Hi-band. The input impedance of the TRW
preamplifier can be represented by a 500 megohm resistance in parallel
with a 100 pf capacitance.

The three orthogonal loop antennas, labeled Mx, My and Mz
in Figure 1, can be seen running between the four booms in Figu?e 2.
The Mz loop is & square loop with its axis parallel to the z-axis
and has an area of 1.6 metersa. The Mx and My loops. are triangular
loops which run from the top of the payload to the booms and through
the payload with their axis parallel to the x- and y-axis respectively.
The areas of the Mx and My loops are 0.8 metersg. Each loop consists
of three turns of #14 stranded copper wire and is electrostatically
shielded. The loops are matched to the preamplifiers by a trans-
former with a 200:1 turns ratio. All three magnetic receivers have
Hi-Lo filters and compressor amplifiers similar to the electric
receivers, The sensitivities of the magnetic receiver Hi and lo-bands
are approximately 0.5 and 3 my, respectively (1 my = 10-8 gauss).

All of the déta were transmitted by a wide deviation

(4 275 KHz) FM/FM telemetry system. The Hi and Lo analog outputs
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were mixed for eadh’receiver and transmitted as & baseband and four
M subcarrier‘channels. The ten amplitude ouﬁputs from the five
-wideband recei&ers and the eight amplitude outputs from the step
receiver were commutated onto one IRIG FM subcarrier. Another sub-
carrier provided the triaxial magnefometer ﬁata and a third sub-
carrier provided payload performance data.
In order to study VLF wave propagation from a knoﬁn source,

a VLF transmitter was installed in the nosecoﬁe. The antennas for
this transmitter consisted of a 62 turn loop antenna 0.5 meters in
diameter and an electric dipole antenna 1 meter tip-to-tip. These
antennas were pulsed eﬁery 2 seconds with a 0.5 second sine wave
burst that alternated between 2 and 8 KHz. The peak—to—peak’current
in the loop ahtenna was 4.2 amps and the peak-to-peak voltage applied

to the electric antenna was 320 volts.
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III. PAYLOAD PERFORMANCE

The Javelin 8.45 sounding rocket carried the payload to an
altitude of 763 km and provided data for 15.5 minutes. Analysis of
the triaxis magnetometer data after the booms opened indicates that
the payload had a spin period of 5.45 seconds (11.0 rpm) asbout the
payload z-axis (see Figure 2) and a precession period of 17.7 seconds
(3.39 rpm). The precession cone of the z-axis was 27° half angle.

The orientation of the precession cone was determined from the magneto-
meter data and from the V X ﬁ'potential differénce measurement with
the Ey anténna. The coordinates used for analysis of the orientation
consisted of the gecmagnetic E field, the projection ?L of the payload
velocity vector into a plane perpendicular to the geomagnetic field,
and the E = ? X ﬁ electric field. Shown in Figure 3 are the polar,

0,5 and azimuthal, wz,ﬂangles of the z-axis near the beginning (300 km,
upgoing) and end (300 km, downgoing) of the flight. Since the pre-
cegsion cone sgtays fixed in space and the E and ?l directions change
slowly the orientation at intermediate altitudes can be estimated

from Figure 3 by interpolation. It should be noted from Figure 3

that once per precession period the z-axis is nearly perpendicular to

the geomagnetic field.
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With two exceptions, the payload operated saﬁisfactorily
throughbut the flight. One exception %as the electron gun. Either
the filements or some of the associated wiring failed during launch
becaﬁse no bias current was obtained for the spheres. Thus, through-
out the flight the spheres were unbiased and it was not possible to
‘compare the biased and unbiased operation of the Ey antenna.

The second exception was the nosecone separation velocity
indicator. According to the separation velocity indicator, the
nosecone separated but was apparenfly decellerated to zero velocity
by the drag on the ribbon which gave the sepe?ation velocity indica-
tions. However, the amplitude of the radio pulses emitted by the
VLF nosecone transmitter did decrease after the antenna booms were
fully opened. This amplitude decrease indicates that the ribbon
apparently broke and the nosecone did move away from the payload.

Also two objects were resolved by the tracking radar. This failure

affects only the interpretation of the nosecone transmitter results.
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- IV. SUMMARY OF EXPERIMENTAL RESULTS
| !
In this section all of the experimental results from the
VLF receivers, the impedance measurement; and the nosecone transmitter
are summarized. Detailed analyses of the noise phenomena observed are

discussed in the following two sections. .

A. Wideband and Step Receiver Results

The frequency spectra of the electric and magnetic fields
observed during the flight are summarized in Figure 4. Shown in
Figure 4 are the frequency-time spectrograms of signals from the
analog output of oné electric receiver (Ex) and from oné magnetic
receiver (My). The frequency scale is from O to 10 KHz and the
time scale is in minutes after launch. Also shown are represen-
tative frequéncy—amplitude spegfra from the stép frequenc& receiver
at six selected altitudes. The amplitude scale is logarithmic in

6 volts® Hz t. A

units of voltage spectral density from 10713 to 10°
sunmary of the maximum and minimum field strengths from the amplitude
outputs of the Magnetic, Electric, and TRW receivers is given in
Teble 1 at 100 km altitude intervals, each maximum and minimum value

being within the interval of + 50 km abdut the given altitude. The

electric antenna amplitudes are the r.m.s. potential difference between
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the antenna-terminals. .These antenna voltages can be interpreted as
electric fields in the plasma only in so far as the sheath‘impedance
can be considered négligible in.comparison to the preamplifier input
impedance (see the discussion of antenna impedance resulﬁs);

Two principal types of VLF noise phenomena are seeﬁ in
Figure 4: a high frequency noiseband above about 7 KHz, and low.
freQuencj noise bursts below 1 KHz. Broad-band noise extending from
about 7 to 30 KHz is observed throughout the flight on both the
electric and magnetic antennas. As can be seen from Figure 4 the
lower frequency limit of this noise band varies syétematically with
altitude, reaching a minimum frequency of approximately 7.5 KHz at
apogee. The step receiver data shows that the upper frequency limitb,
at gbout 30 KHz, also varies systematically with altitude, decreasing
in frequency with increasing altitude. The magnetic Hi-band signal
strength, principally due to the high frequency noise band, tends to
increase glightly toward apogee to a value of about 10 my. The
electric Hi-band field strength has strong spin modulation With
maximum amplitudes of 8 to 12 mV throughout the flight. From the
-step receiver the peak electric field spectral density is approximately

1078 volts® m™2 Hz™t and the corresponding magnetic field spectral

density is spproximately L4 x 10_8 y2 fz "t (2.5 KHz bandwidth). This

high frequency noise band is. discussed further in Section V.
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Intense electric antenna noise with frequencies below:
about 1 KHz was détécted.by both the Storey tjpé electric antennas
and by the TRW electric antennas. This noise occurred primarily
below about 500 km altitude, from 2 to 5 minutes and from 12.5 to
15 minutes in Figure k., The frequency-time speétrogram of this
noise shows strong modulation at the precession period of the
rocket (see Figure L4). The Lo-band amplitudes of these noise bursts
are very large, as much as 20 mV for the electric x and y antennas
and 8.0 mV for the TRW antennas. The peak intensity of these'noise
bursts varies systematically with altitude; having a maximum at
about 275 km altitude, and decreasing aﬁ higher gltitudes. This
noise is apparently electrostatic in origin since no comparable
noise is observed in the magnetic receiver. Further analysis and
discussion of this low frequency electric antenna noise is presented
in Section VI.

Besides the noise bands, hundreds of short fractional hop
whistlers and 6 long hop whistlers wefe observed during the flight.
The whistler signals are strongest on the magnetic receivers. In
Figure L the randomly occufring vertical lines on the magnetic

receiver spectrogram are whistlers.
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B. Impedance Measuremént Results

A frequency—t%me spectrogram of anvimpedanée measurement
sweep from the’Ey receiver is shown in Figure 5. The driving signal
for the impedance measurement is seen as an exponentially decreasihg
tone from lO KHz to 20 Hz. For the first 0.5 secénds the impedance
measurement stabilizes at 20 KHz.‘ The sweep begins at 0.5 seconds
but the 20fKHz to 10 KHz segment is not observable in the spectrogfam.

The rising tone in Figure 5 is proportional to the logarithm
of the impedanée magnitude and represents a dynamic range of 100 Kbhms
to 10 megohms. The failing tone is linearLy-pr0portional to the phase
angle between 4+ 90°., The impedanée generally varies monotonically
with frequency, from capacitive (-90° phase angle) at 20 KHz to
resistive (0° phase angle) at about 5 KHz and lower frequencies. The
magnitude of the impedance at low frequencies (below 1 KHz) varies
systematically with altitude and has a minimum of about 150 Kohms
at 350 km altitude, increasing with increasing altitude to about
660 Kohms at gpogee.' Below the ionosphere the magnitude of the
impedance at lo%ifrequencies increases to greater than 10 megohms.
These impedance measurement results show that the input impedance
of the preamplifiers for the Storey type antennas (20 megohm resistance
in parallel ﬁith a 10 pf capacitance) is sufficiently large that the

potential drop through the antenﬁa sheath is negligible. When these
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impedance values are scaled to the collecting area and dimensions of
the TRW antenna it is found that, because of the large. input capacity
of the TRW preamplifiers (100 pf), the input impedance of the TRW
preamplifier is considerably less than the impedance of the TRW
antenna. Because the sheath impedsnce varies conéiderably throughout
the flight and since detailed calculations of the TRW anteﬁna impédance
are subject to many uncertainties the amplitudes from the TRW antennas
éannot be interpreted as AC potentials in the plasma without correcting
for the generally unknown sheath impedance. Under some conditions,
particularly at low altitudes, the uncertainties in the sheath imbedance
of the TRW antennas can cause an overestimation error by as much as a
factor of 30 in Scarf's determinations of electric fields with the P-il
and OV3-3 satellites [Scarf et al.,1965, 1966, 1967].

The impedance mesasurement sweep in Figure 5 is somewhat
unusual in that‘when the sweep frequency is between about 1.0 and
2.0 KHz there is a large positive (inductive) perturbation in the
phase angle, reaching a maxiﬁum of a@proximately + h5°; This pertur-
bation occurs when the éngle Gy between the Electric Y antenna and
the geomagnetic field is near 180°. Phase perturbations similar to
that illustrated in Figure 5 occurred primarily at low altifudes,
below 500 km, whenever the Ey antenna was aligned nearly parallel to

the geomagnetic field.
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C. DNosecone Transmitter Results

Frequency-time spectrograms of the magnetic and electric
fieids from the nosecone transmitter are shown in Figure 6 as a
function of time from the end of the first pulse at 2 KHz (also
harmonics of 2 KHz are seen). The electric antennas and magnetic
loops were not fully extended until after eight seconds in Figure 6.
Because of the decelleration of the nosecone (see Section III), the
separation velocity indicator cannot give the final separation
velocity and distance. As yet radar records of the nosecone trajectory
have not been analyzed to determine the separation distance.
Qualitatively in Figure 6 it is seen that the electric
field signal is attenuated much more rapidly than the magnetic field
signal. Pulses at 8 KHz can be seen past 28 séconds in the Magnetic Y
receiver, but only to 5 seconds in the Electric X. From the energetics
of nosecone ejection an upper limit of 2 meters/second can be placed
on the separation velocity. The transmitted magnetic signal is
therefore observed to be less than 5 my at a range of no more than
22 meters. Also, no radio noises or instabilities were observed to
be stimulated by the nosecone transmitter at any time during the

flight.
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V. HIGH FREQUENCY ELECTROMAGNETIC NOISE BAND

Figure L shows the geﬁeral spectral characteristics of the
‘high frequency noise band observed between approximately 7.5 to
30 KHz. Since the noise band appears in both the electric and mag-
netic receivers, this noise is electromagnetic in nature.

From the three orthogonal loop antenna; and the two crossed
dipole antennas five wave field components can be measured to provide
information on the field geometry and mode of propagation of the
noise. In Figure 7 the Hi-band smplitudes in millivolts for the Ex
and Ey receivers are compared with the angles ex’,ey’ and eZ between
the x, y, and z payload axis and the geomagnetic field. This figure
- shows that the high frequericy noise band is strongly modulated at the
precession and spin rate of the payload. The sharp nulls iﬁ the
electric field amplitude, about a factor of 5, occur when the corre-
sponding electric antenna is nearly parallei to the geomagnetic field.
Thus, the electric field of this noise is very nearly perpendicular to
the geomagnetic field (within aboutri 10°). -The deep spin modulation
nmulls in the electric field amplitude occur only when the spin axis
is perpendicular to the geomagnetic field (eZ 9,9Q°) and are almost
absent during the portion of the precession cycle when 0, is not

near 90°. This precession modulation of the depth of the spin
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.
modulation nulls in the electric field amplitudé indicates that the
electric field amplitude is azimuthally symmetric around.the geo-
magnetic field and that the electric field is confined to a plane
nearly (+ 10°) perpendicular to theé geomagnetic field.

A comparison of the spin modulation of the magnetic and
electric Hi-band amplitudes is illustrated in Figure 8. During the
time interval of this comparison the spin axis was nearly perpendic-
ular to the geomagnetic field so that as the rocket spins the x and v
axis alternately'becoﬁe aligned nearly parallel and perpendicular to
the geomagnetic field. Figure 8 illustrates that when ex approaches
0° or 180°, the Mx and Ey amplitudes have maxima while My and Ex
exhibit minima, and conversely for ey approaching 0° or 180°. The
ratio of the maximum to the minimum smplitudes of the spin modulation
is less for the magnetic field, about 1.4, than for the electric field,
about 3.0. From the spin modulation of the magnetic field we can
conclude that the wave magnetic field, E(l), tends to be parallel to
the geomagnetic field. It follows, therefore, that the wave normal
direction, E, of this noise tends to be perpendicular to the geo-
magnetic field, since‘Maxwells equafion V.B =0 implies that K be
perpendicular to ﬁ(l).

Three additional spectral features of this noise band have

been noted. First, measurements of the lower cutoff frequency of the
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nois¢ band from the spectrograms in Figure 4 have shown that the

lower cutoff frequency ;s approximately . (+ 2%) proportional to the
geomagnetic field strength. Second, the electric field of the noise
band has a consistently lower cutoff frequency than the magnetic
field. This cutoff frequency difference ranges from about 200 Hz at
200 km altitude to 500 Hz at apogée (763 km). Finally, higher reso-
lution spectrograms of the noise band reveals that the noise band is
not made up of steady "white noise" but appears to be a superposition
of many noise bursts occurring on a time scalé of tens of milliseconds.
On the electric field spectrograms many short duration (<« 100 milli-
second) noise bursts are seen which extend several KHz below the noise
band cutoff and appear to have a less well defined cutoff at about

5.0 KHz, These nqise bursts below the noise band cutoff are not
observed on the magneticAfield spectrogram.

This experiment with receivers and antennas capable of
simultaneously measuring five of the six wave field components has
provided unique information agbout the observed noise. The principal
features of the high frequency noise band can be summarized as follows:
the noise band has a low frequency cutoff which decreases with in-
creasiné altitude approximately proportional to geomagnetic field
strength, the upper frequency cutoff is approximately 30 KHz also

decreasing with increasing altitude, the spectrum appears to be made
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up of many noise bursts some of which extend below the lower cuﬁoff
frequency of the electric field noise band, the noise is electro-
magnetic, the;electfic field cutoff frequency is lower than thé
magnetic field cutoff frequency, the wave électric field is in a
plane very nearly perpendicular‘to the geomagnetic field and the
wave magnetic field tends to be parallel to the geomagnetic field
implying that the waves are propagating at large angles, nearly

transverse, to the geomagnetic field.

Discussion

Some of the features of the high frequency noise band
observed on the Javelin 8.45 flight suggest that this noise band
is identical to ﬁhe lower hybrid resonance (LHR) noise observed by
Barrington et al. [1964] and Brice and Smith [l96h, 1965] with the
electric dipole antenna on the Alouette 1 satellite. ‘The principal
feature of the Alouette 1 LHR noise is that the noise has a sharply
defined lower cutoff frequency, typically from 4 to 15 KHz, which is
believed to be the lower hybrid resonance frequency of the ambient
plasma [ see McEﬁen and Barrington, 1967]. ILHR noise has also been
observed with a magnetic loop antenna on the Injun 3 satellite

[Gurnett, 1967], although much less frequency than on Alouette 1.
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The following points of comparison can be made between
the LﬁR noise hypothesis and the high frequency noise band observed
on this rocket flight:

(1) In the altitude range of the Jav;lin 8.45 flight above
about 300 km altitude, where the dominate ion is«O+ and where the
electron plasma frequency is greater than the electron gyrofrequency,
the LHR frequency is proportional to the geomagnetic field strength
in agreement with the observed variation in the lower cutoff frequency
of the high frequency ﬁoise band. |

(2) The éomputed LHR: frequency for the above conditions

varies from about 8.0 KHz at 300 km altitude to about 6.2 KHz at

apogee (763 km), always slightly less than (about lO%)bbut very
close to the observed cutoff frequency. |

(3) The LHR frequency is an electrostatic resonance (E/B
becomes infinite) for propagation perpendicular to the geomagnetié
field, consistent with the observed large electric field, the
difference in the cutoff frequencies of the electric and magnetic
fields, and the evidence that the noise is propagating perpendicular
to the gebmagnetic field.

(1) Below about 300 km altitude where the electron plasma
frequency is comparable to or less than the electfon gyrofrequency
the LHR frequency becomes proportional to the square root of the

electron density, no longer proportional to the geomagnetic field
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strength, and deéreaseé rapidly with decreasingfalfitude. No
corresponding variation in the cutoff frequency Qf‘the high frequency
noise band is observed. Thus, below about 300 km altitude the ob-
served cutoff of the high frequency noise band cannot be the LHR
frequency.

The observed systematic decrease in the lower cutoff fre-
quency with increasing altitude suggests that this cutoff may‘simply
be an accessibility condition for waves emitted by a source at higher
altitudes. Reflection of downgoihg waves can indeed occur just below
the lower hybrid resondnce frequency for waves propagating nearly
perpendicular to the geomagnetic figld. Above about 300 km altitude,
where the lower hybrid resonance frequency increases with decreasing
altitude, this reflection process could explain the observed cutoff
near the lower hybrid resonance frequency. Below about 300 km altitude,
where the lower hybrid resonance freguency decreases with decreasing
altitude, the observed cutoff may be just the upper edge of the
"stop band" caused by lower hybrid resonance reflections at higher

altitudes.
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VI. ILOW FREQUENCY ELECTRIC ANTENNA NOISE

Expanded frequency-time spectrogramS’ef the preeession
modulated electric antenna noise illustrated in Figure L are ehown
in Figure 9 for the Electrie X, Electric Y, and TRW antennas. These
spectrograms cover the period from sbout 12.5 to 14 minutes in Figure
4 during the downgoing portion of the flight. The blank regions in
the TRW spectrograms are periods when this receiver was switched to
bthe Magnetic Z antenna. The intensity cutoff at 650 Hz is due to
the gain difference between the Lo- and Hi~bands.

Two distinct types of low frequency electric antenna noise
can be distinguished from these spectrograms:

(1) =& component having frequencies up to about 1 KHz which
is strongly modulated at the precession period of the rocket (here-
after referred to as precession modulated noise), and

(2) a relatively steady noise below about 150 Hz which is
present with nearly constant amplitude throughout the flight.

Neither of these noises is obgserved on the magnetic antennas.

As can be seen from Figure 4 the precession modulated noise
is only observed between about 250 km to 500 km altitude. The upper
frequency limit and intensity of this noise decreases systematically

with increasing altitude. The precession modulation pattern of this
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noise consists of a périod during which the noise is undétectable
followed Ey a iapid onset with the upper fréquency limit of the hoise
initially rising very rapidly (see Figure 9). The "enveldpe"of the
 frequency-time spectra of the noise burst is roughly éymmetric aboub
the center of the noise burst and is almost identical for all three
antennas. During the downgoing portion of the flight the center of
the noise burst leads the maximum in ez by about l/h of a precession
period (see Figure 9).

Spin modulation effects are much less prohounced than the
precession modulation. The spin modulation observed, as can be seen
from Figure 9, consists of rather sharp nulls at all frequencies
occurring when the angle between the antenna axis and the geomagnetic
field is a minimum. The spin modulation nulls occur when the antenna
is aligned néarly parallel to the geomagnetic field.

Frequency-time structure on a time scale of a few tenths
’of a second can be seen which is not related to the focket orientation.
This fine structure is usually different for the three antennas. Gen-
erally the intensity of the noise increases towards lower frequencies.

The Lo-band amplitudes of the Electric X, Electric Y, and
TRW antennas are shown in Figure 10 fo; the upgoing portion of the

flight between 2 and 5 minutes in Figure 4. The blank regions in

the TRW amplitudes occur when this receiver is switched to the
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Magnetic Z antenna. The maximum amplitude of the electric antenna
noise occurs‘at an altitude of ab0u£ 250 km for all three antennas,
approximately 20 mV for the Electric X and Electric Y antennas and
8 mV for the TRW antenng. 1In cbntrasﬁ to the downgoing portionfof
the flight,where precession modulation of the low frequency electric
antenna noise occurred at all altitudes,precession'modulatioh was
observed only above about 370 km on the upgoing leg. From Figure 10
it is seen that the precession modulated amplitudes of the three
electric antennas track very closely, with the Ex and Ey amplitudes
generally being within aboubt 4+ 25% and the TRW amplitudes usually
being somewhat less than Ex or Ey, by a factor of from 1.5 to 3.

The maxima in the precession modulated amplitudes are seen to occur

when 6 is a maximum (145°) and the nulls in the precession modulation
occur when the spin axis is perpendicular to the geomagnetic field
(0, = 90°).

Spin modulation of the Lo-band smplitudes can be seen at
several points in Figure 10 and is much less pronounced than the
precession modulation. The sharpest nulls in’the spin modulation
occur when the antenns axis is nearly parallel with the geomagnetic
field, consistent with the sﬁin modulation illustrated in Figure O
for the downgoing portion bf the flight.

Comparing the upgoing (Figure 10) and downgoing (Figure 9)

portions of the flight two principal differences are noted in the
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precession modulated noise. First, precession modulation of the

low frequency noise did not occur during the upgoing portion of the
flight until approximately one minute after nosecone separation, from
’ about 220 km‘to 370 km altitude in Figure 10. During the downgoing
portion of the flight precession modulation was observed at all
altitudes. Second, the phase of the precession modulated noise
relative to the phase of the angle between the spin axis and thg
geomagnetic field, ez, is different for the upgoing and downgoing
portions'of the flight (compare Figures 9 and 10). Analysis of the
angle between the z-axis and the several coordinate system vectors
shown in Figure 2 indicates that the precession modulated noise

is in phase with the angle between the z-axis and the 71 velocity.
For both the upgoing and downgoing portions of the flight it is found
that when the z-axis is approximately parallel to the VL direction no
precession modulated noise is observed and when the angle between the
z-axis and VL is a maximum the amplitude of the precession modulated
noise is also a maximum.

During the nulls in the precession modulation and during
the portion of the flight above about 500 km altitude where the pre-
cession modulated noise does not occur,the Ex and Ey Lo-band amplitudes
are about 0.1 mV and the TRW Lo-band amplitﬁde is about 0.05 mV. These

minimum noise levels, well above the receiver noise level, remain
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nearly constant throughout the flight and correspond to the steady
noise observed below about 150 Hz in Figure 9.

This noise also has sharp épin modulation nulls occurring
when the angle between the antenna axis and the geomagnetic field is

a minimum.

Discussion

Electric antenna noise possibly similar to the precession
modulation observed by this experiment has been reported by Scarf
et al. [1965, 1966, 1967] using measurements from the 1964-4SA and
OV3-3 satellites, and by Iwai et al. [1966], using data from the
L-3-2 sounding rocket. Scarf, using a monopole antenna similar to
the TRW antenna flown on this experiment, has reported sustained AC
‘electric fields in the ionosphere on the order of l—é mV/meter in
the frequency range from 20 Hz to 14.5 KHz and persistent enhance-
ments on the order of 20-75 mV/meter, particularly at the lower fre-
quencies and near perigee (268 km for 1964-45A and 354 km for OV3-3).
Scarf has attributed these electric antenna noises variously to ion
acoustic waves, ion cyclotron harmonic noise, and lower hybrid
resonance electrostatic noise [Scarf et gl., 1967]. Because of the
low frequency-time resolution of the 196L4-L5A and OV3-3 experiments
it is difficult to’determine whether the low frequency electric
antenna noises observed by Scarf near perigee are of the type observed

with the Javelin 8.45 experiment.
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Iwai et al. [1966] using data from the ELF-VLF electric
field experiment on the L-3-2 sounding rocket, launched to an
apogee altitude of 337 km, has reporfed the observation of intense
(> 0.1 mv) periodic noise bursts in the frequency range ffom 0.5
to 3.5 KHz with maximum intensity at about 1.0 KHz near apogee.
The mbdulation periods of’these noise bursts were believed to
correspond to the spin and precession periods of the rocket (no
orientation data was available). From Iwai'é description it
appears almost certain that the noise observed with the L-3-2 experi-
ment is the same as fhe precession modulated noise observed with
Javelin 8.U45. Some of the common Charaéteristics include:

(1) maximum intensity in the frequency range below 1.5 KHz,

(2) observed in the altitude range 200 to 500 km,

(3) strong precession modulation, and

(u) spin and precession modulation not consistent with
a simple (cosine law) antenna pattern.

In considering the origin of these low frequency electric
antenna noises two key questions must be investigated; first, are
the antenna noises in fact caused by AC electric fields in the -

surrounding plasma or could the noise be caused by fluctuations in
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the plasma properties (electron density, temperature, etc.) which
affect the floating potential of the spherical antenna elements,
and second, are the electric fields or plasma fluctuations a natural
phenomensa in the ionosphere or are the noises caused by the ihter—
action éf the payload with the surrounding plasma?

Despite the considerable amount of data available from the
Javelin 8.U45 experiment these questions are by no means conclusively
answered at the present.time. Some of the present conclusions
fegarding the precession modulated noise are summarized as follows:

(1) Long Wavelength Electrostatic Waves. Several features

of the Javelin 8.45 data suggest that if the precession modulated
noise is due to electrostatic waves in the ionosphere then the
wavelength of these waves cannot be substantially longer than the

Ex or Ey antenna length (~ 3.0 meters). First, for long wavelengths
the potential difference between the antenna elements is proportional
to the cosine of the angle between the electric field and the antenna
axis. The precession and spin modulation of the low frequency electric
antenna noise is not consistent with this simple cosine dependence.

For example, since both the Ex and Ey antennas have nulls in the
precession modulated noise when the spin axis is approximately parallel

to Vl we must conclude that the electric field is polarized parallel
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to Fi. However, one half precession period later, when the noiée is
present, the Ex and Ey antennas show no evidence of spin modulatioh
nulls when they are perpendicular to v;. Second, fér long wavelengths
the potenti&l difference between the antenna elements is proportional
to the length of the antenna. This length deﬁendehce is not observed
for the precession modulated electric antenna noise. As can be seen
from Figure 10 the noisé amplitudes from the electric X and Y antennas
and the TRW antenna are generally comparable (never more than a factor
of 3 difference) even tﬁough their lengths differ by a factor of 6.5
Third, since the TRW antenna is sensitive to electric field components
in both the X and Y directions the a.c. signals from the TRW receiver
should correlate with the electric X and Y signals. A preliminary
correlation study, performed by filtering each chahnel with identical
filters (~ 25 cps bandwidth) and comparing the phases of the filtered
signals, fevealed.gg significant correlation between the precession
modulated noise from the TRW antenna and the electric X or Y antennas.

(2) Doppler Shift. It is possible that the above facts

could be reconciled if the precession modulated noise is due to wave-
lengths sufficiently short that the fields at the electric X and Y
antennas are essentially uncorrelated with the fields at the TRW
antennas (i.e. wavelengths much less than about 3 meters). Except

for the unlikely situation that the waves are propagating nearly
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perpendicular to the velocity vector it follows that the noise must

!

be very strongly doppier shifted. PFor example, since the rocket
velocity is about 3 km/sec a wave with a wavelength of 1 meter is
doppler shifted by‘3 KHz. Since the béndwidth of the observed noise
is generally less than about 1 KHz it is difficult to see how the
short wavelength requirement can be reconciled ﬁith the observed
bandwidth of the precession modulated noise unless the wave vectors
are precisely oriéntated to reduce the doppler shift. These consider-
ations, although by no means conclusive, suggest that there are
considerable difficulties with interpreting the precession modulated
noise as AC electric fields in the ionosphere.

(3) Noise Generated by the Motion of the Payload. Certain

features of the precession modulated noise suggest that this noise
may be generated by the motion of the payload through the ionésphere.
First, the precession modulation of the noise is controlled by the
z-axis orientation of the rocket. In particular, the almost "on-off"”
amplitude of the noise is correlated with the angle between the z-axis
and the perpendicular projection of the velocity vectbr, Vl. As
discussed above this dependence is diffiéult to understand in terms
of naturally occurring wave phenomena in the ionosphere. Since the
last stage of the rockét remained attached to the payload it is

possible that a turbulent wake from the rocket bottle (dimensions
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gpproximately 18 inches diameter by 4 feet long) may be causing the
observed noise. It may be significant‘that, due té the perturbation
when the booms opened, the payload is flying more or less backwards
with the rocket bottle upstream in the gl direction (see Figure 3).
Thus the antennas tend to bé in the wake region much of the time.

The second feature suggesting a wake effect is the fact
that the precession modulated noise was of a distinctly different
character during the period approximately 1 minute after nose cone
separation. During this period no precession modulatioﬁ was observed
(see Figure 10) and the noise amplitude was approximately 4 times
the amplitude observed during the downgoing portion of the flight at
the same altitude. This assymmetry between the upgoing and downgoing
portions of the flight suggests that a wake from thé nosecone, which
‘was ejected forward along the velocity vector, may be producing some

of the observed noise when the nosecone was close to the payload.

(4) Antenna Bias Current. Varying the sheath impedance by

changing the antennsa bias current would help resolve the question of
- whether electric fields or fluctuations in the plasma paramebers
could be causing AC noise in the floating potential of the spheres.
Unfortunately, since the electron gun failed this formation is not
available for this flight. It has been suggested [P. Kellogg,

personal communication] that variations in the antenna bias current
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because of the changing rocket oriehtation may be causing the
precession modulation of the low frequency eléctric anteﬁna'nbise.
Since the average potential of the spheres relative to the payload
shell was monitored we have determined the maximum variation of the
bias current to be/ébout 10—8 amps, coﬁsiderably less than the ioh
current incident on the spheres. Also, the observed noise was the
same on the insulated gridvépheres (Ex) as on the conducting spheres
(Ey). Thus, it seems unlikely that bias current variations could

cause the observed modulsation.
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VII. FUTURE INVESTIGATIONS

This experiment has provided a considéraple amount of new
information on AC electric and magnetic fields in the ionosphere
and on the perfoimance of electric antennas in plasmas. Many
questions, however, remain unanswered, particularly regarding the
. relationship of the lower hybrid resonance frequency to the lower
cutoff frequency of the high frequency noise band and the origin
and nature of the low frequency electric antenna noise.

Further study is under way on the direction of propagation
of the high frequency noise.band using the phase information between
various antennas to determine the poynting flux and wave normal
direction. Resolving the direction of propagation (upgoing or
downgoing or a mixture) will help clarify the possibility that this
noise is being reflected near the LHR frequency. Additional study
on the correlation and phase shift of the precession modulated noise
from the various electric antennas is being undertaken.

A second payload,Javelin 8.46, incorporating triaxial eleé-
tric antennas and redundant circuits for changing the electric antenna
current bias, is being prepared fo€ flight in the auroral zone (Ft.

Churchill, Canada).
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FIGURE CAPTIONS

FIGURE 1. Block diagram of the Javelin 8.45 experiment.
FIGURE 2. Antenns configuration.
FIGURE 3. Orientation of the z-axis relatiVe to the geomagnetic
field, §, the perpendicular éomponent of the velocity

vector, Vl, and the V X B electric field.

FIGURE L, Frequency spectra of electric and megnetic fields observed
during the flight.

'FIGURE 5. Typicel impedance measurement sweep.
FIGURE 6. Nbsecone transmitter signals.

"FIGURE 7. Electric field spin and precession modulation of the high

~frequency electromagnetic noise band.

FIGURE 8. Comparison of the electric and magnetic field spin modu-~

lation of the high frequency electromagnetic noise band.

FIGURE 9. Frequency spectra of the low frequency electric antenna

noise.

FIGURE 10. Amplitude of the low frequency electric antenna noise on
the upgoing portion of the flight. ‘
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